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One of the most important operations in nuclear power plants is load following, in which an
imbalance of axial power distribution induces xenon oscillations. These oscillationsmust be
maintained within acceptable limits otherwise the nuclear power plant could become un-
stable. Therefore, bounded xenon oscillation is considered to be a constraint for the load
following operation. In this paper, the design of a sliding mode control (SMC), which is a
robustnonlinear controller, is presented. SMC isameans to controlpressurizedwaternuclear
reactor (PWR) power for the load following operation problem in a way that ensures xenon
oscillationsarekeptboundedwithin acceptable limits. Theproposed controller usesconstant
axial offset (AO) strategy to ensure xenon oscillations remain bounded. The constant AO is a
robust state constraint for the load following problem. The reactor core is simulated based on
the two-point nuclear reactor model with a three delayed neutron groups. The stability
analysis is given bymeans of the Lyapunov approach, thus the control system is guaranteed
to be stable within a large range. The employed method is easy to implement in practical
applications and moreover, the SMC exhibits the desired dynamic properties during the
entire output-tracking process independent of perturbations. Simulation results are pre-
sented to demonstrate the effectiveness of the proposed controller in terms of performance,
robustness, and stability. Results show that the proposed controller for the load following
operation is so effective that the xenon oscillations are kept bounded in the given region.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Nuclear reactors are very time-varying and constrained sys-
tems and their characteristics vary with operating power
levels. Changes in reactivity with fuel burn up generally(G.R. Ansarifar).
d under the terms of the
ich permits unrestricte
erly cited.
sevier Korea LLC on behadegrade systems performance. Furthermore, if the load
following operation is desired, daily load cycles can signifi-
cantly change plant performance.
During load following, axial ﬂux distribution is imbalanced.
It induces xenon oscillations because the absorption crossCreative Commons Attribution Non-Commercial License (http://
d non-commercial use, distribution, and reproduction in any
lf of Korean Nuclear Society.
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reactor are delayed by the iodine precursor. Monitoring the
xenon oscillation within acceptable limits is a constraint for
the load following operation. Therefore, the power tracking
control problem, during load following, is indeed a con-
strained control problem [1].
It is hard to get satisfactory performance with the classic
control strategy to control nuclear reactor power [2]. There-
fore, in order to establish good operational performance of
nuclear power plants, many investigations have been pro-
posed in the field of reactor core control. Edwards et al [3]
demonstrated improved robustness characteristics of SFAC
(state feedback assisted classical control) to cope with
changes of reactor parameters over that of CSFC (conventional
state feedback control). In another work, Park and Cho [4]
introduced a model-based feedback linearization controller
with adaptive Proportional Integral (PI) gains. They also
designed a model-based two-stage controller [5]. These con-
trol systemsweremostly based on an approximate linear core
model and hold true in limited range, the performance of
which will lapse if the range is exceeded.
In recent years, various controllers have been used for
controlling the power of nuclear reactors [2] including those
using neural network methods, fuzzy logic methods [6,7],
emotional learning based intelligent controllers [8], and robust
optimal control systems. The above-mentioned control strate-
gies for nuclear reactors are based on the point kinetics reactor
modelwithout considering xenonoscillations tobebounded. In
recent years, model predictive control methods have been
applied to the load following operation problem, with special
consideration given to xenon oscillations [1]; however, this
method is hard to implement and has high computational
volume. In spite of many advanced control methods having
been proposed for controlling nuclear reactor core power, it
seems that a simple and high performance control system is
still needed for the load following operation. By contrast, a
successful strategy to control uncertain nonlinear systems is
the sliding mode control (SMC). The sliding mode controller is
an attractive robust control algorithm because of its inherent
insensitivity and robustness toplantuncertainties andexternal
disturbances [9]. In addition, it is easy to implement in practical
applications. In this paper, an SMC system is designed to con-
trol a pressurized water nuclear reactor (PWR) power based on
the two-point kinetics equations with three groups of the
delayed neutrons considering neutron absorber poison.
The goal of this paper is to present an SMC system for the
load following operations of nuclear reactors such that xenon
oscillations are bounded within acceptable limits. Stability of
the designed SMC system is analyzed using the Lyapunov
synthesis. The computer simulations demonstrate the effec-
tiveness of the proposed control system in diverse operating
conditions.
The outline of the paper is as follows: Section 2 describes a
two-point nuclear reactor model; Section 3 describes xenon
oscillations and the axial offset (AO); Section 4 gives a brief
description of the relevant theory and control design algo-
rithms used in this paper; in Section 5, the design of the pro-
posed controller applied to the nuclear reactor load following
a problem is presented; Section 6 shows the simulation re-
sults; and Section 7 concludes the paper.2. Two-point nuclear reactor model
For this study, the core of a nuclear reactor was divided into
two equal halves (top and bottom). To simulate the nuclear
reactor core, two-point kinetics equations with three groups
of the delayed neutrons are used. The model assumes
feedback from lumped fuel and coolant temperatures. The
effect of xenon concentrations is also included in the two
points. Two halves are coupled together through neutron
diffusion. Also, two banks of control rods are considered.
The first control rod bank is always assumed to travel
through the top to reach the bottom of the core, and the
second control rod bank is assumed to control the AO which
does not exceed the lower half of the reactor and only af-
fects the top of the core.
The normalized model, with respect to an equilibrium
condition, based on two-point kinetics equations with three
delayed neutron groups are as follows:
8>><
>>:
dnrt
dt
¼ rt  b
l
nrt þ 1l
X3
i¼1
bicrti þ
a
l
ðnrb  nrtÞ þwnrt
dcrti
dt
¼ linrt  licrti þwcrt i ¼ 1;2;3
(1)
8>><
>>:
dnrb
dt
¼ rb  b
l
nrb þ 1l
X3
i¼1
bicrbi þ
a
l
ðnrt  nrbÞ þwnrb
dcrbi
dt
¼ linrb  licrbi þwcrb i ¼ 1; 2;3
(2)
where nr is relative neutron density to initial equilibrium
density and cri is the ith group precursor density normalized
with the initial, equilibrium density. Subscript, t and b refer to
the top and bottom of the reactor, respectively, and a specifies
the coupling coefficient, which is dependent upon the geom-
etry, material composition, and the characteristic distance
between the top and bottom halves of the core. This can be
expressed as:
a ¼ DvlS
d V (3)
where v represents thermal neutron speed, D is the diffusion
coefficient, d denotes distance between top and bottom
halves, S is the area of interface between two halves, and V is
the volume of each half.
The reactor power is displayed as follows:
PðtÞ ¼ P0nrðtÞ (4)
where P0 is the nominal power (MW). Based on a lumped fuel
model, the thermal-hydraulics model of the reactor core is
represented as follows [10]:
8>>><
>>>:
dTf
dt
¼ ff P0
mf
nr U
mf
Tf þ U
mf
Tc
dTc
dt
¼

1 ff

P0
mc
nrþU
mc
Tf þ

2MþU
2mc

ð2Tc290Þþ

2MU
2mc

290
(5)
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centration are as follows [11]:
8><
>:
dXt
dt
¼ gxSfft þ lIIt  sxaXtft  lxXt þwXt
dIt
dt
¼ gISfft  lIIt þwIt
(6)
8><
>:
dXb
dt
¼ gxSffb þ lIIb  sxaXbfb  lxXb þwXb
dIb
dt
¼ gISffb  lIIb þwIb
(7)
Vector w ¼ [wnrt, wcrt, wxt, wIt, wnrb, wcrb, wxb, wIb] and is
vector of bounded uncertainties.
Finally, the reactivity input and feedback to the two-point
kinetics model are represented with the following equations:
rt ¼ rrt þ af

Tf  Tf0
þ acðTc  Tc0Þ  sxðXt  Xt0ÞSf
¼ rrt þ rTt þ rxt (8)
rb ¼ rrb þ af

Tf  Tf0
þ acðTc  Tc0Þ  sxðXb  Xb0ÞSf
¼ rrb þ rTb þ rxb (9)
drrt
dt
¼ Gr1Zr1 þ Gr2Zr2 (10)
drrb
dt
¼ Gr1Zr1 (11)
Eqs. (10) and (11) demonstrate that the reactivity insertion at
the topof thecore isaffectedbyboththefirstandsecondcontrol
rod banks and reactivity insertion at the bottom of the core is
affected only by the first control rod bank, which is assumed to
travel through the top to reach the bottom of the core.Fig. 1 e Target band of DI.3. Xenon oscillation and AO
During the load following operation, the occurrence of xenon
distribution oscillation following the change of reactor power
can cause oscillation in the power distribution. Such oscilla-
tion may be unstable in nature. One task in core power dis-
tribution control is to suppress xenon oscillation as effectively
as possible, or to control the core thermal power distribution
alongwith the safety limitation on local power peaking during
the load following operation. Local power peaking in nuclear
reactors is a complex phenomenon, resulting from different
reactor parameters such as xenon oscillation. To simplify this
phenomenon, local power peaking is usually divided into two
radial and axial components. While radial power peaking is
usually flattened once at the beginning of cycle, the axial
power peaking is continuously changing. AO is the parameter
usually used to determine the core peaking power. This
parameter is used as the performance index in order to eval-
uate the spatial distortions of power, which is defined by the
difference between the thermal power generated in the top
half and that in the bottom half of a core reactor in the axial
direction as follows [12]:
AO ¼ Pt  Pb
Pt þ Pb (12)where Pt and Pb denote the fraction of thermal power gener-
ated in the top and bottom halves of the core, respectively.
During the load following operation, the AO should be kept
within a control band (target boundaries) at a neighbor refer-
ence AO (AOref) value that corresponds to themost stable axial
power distribution possible for existing core condition, that is,
the power shape that exists at full power with equilibrium
xenon and no control rods in the core [13].
The main challenge of the reactor control during the load
following operation is to maintain the axial power peaking
(AO) within certain limits, about a reference target value.
The limitation on the core AO can be analyzed in Pr DI
coordinates, where DI is the normalized AO and is defined as:
DI ¼ AO Pr ¼ Pt  PbPt þ Pb  Pr (13)
where Pr is the relative core thermal power and DI represents
the difference between the power in the top half of the core
and the power in the bottom half of the core as a fraction of
the full power.
In the constant AO strategy, the limitations on the core AO
value can be shown by two parallel lines in the Pr  DI coor-
dinate [12]. This means that the core working conditions in
Pr DI coordinates must lie within a certain band (e.g., 5%)
during any power transient (Fig. 1). Therefore, presenting
normalized AO (DI) in the Pr  DI coordinate is used as index
performance to evaluate whether the xenon oscillation is
bounded or not.
This control constraint protects the reactor from any
divergent xenon oscillation and would ensure safe operation
of the reactor during load following transients.
In order to show the axial xenon oscillation, we define the
normalized axial xenon oscillations index (AXOI) as follows:
AXOI ¼ Xt  Xb
X0
(14)
where Xt and Xb are xenon concentrations in the upper half
and lower half of the core, respectively, and X0 is equilibrium
xenon concentration at the full power of the reactor. This
index shows the normalized difference between xenon con-
centration in the upper and lower halves of the core.
All the parameters have been described in Table 1. Also,
parameters of the nuclear reactor at the middle of a fuel cycle
in 100% nominal power are given in Table 2.
Table 1 e Nomenclature.
Fraction of delayed fission neutrons b
Fraction of ith group delayed fission neutrons bi
Effective precursor radioactive decay constant (1/s),
chosen to match the 3 group reactor transfer function
to a 6 delayed neutron group reactor transfer
li
Effective prompt neutron lifetime (s) l
Core reactivity r
Top of reactor reactivity change due to the control rod rrt
Bottom of reactor reactivity change due to the
control rod
rrb
Top of reactor feedback reactivity change due to
temperature changes
rTt
Bottom of reactor feedback reactivity change due
to temperature changes
rTb
Top of reactor feedback reactivity change due to
xenon concentration variation
rxt
Bottom of reactor feedback reactivity change due
to xenon concentration variation
rxb
The 1st control rod bank speed (fraction of core length/s) Zr1
Total reactivity of the 1st control rod bank Gr1
The 2nd control rod bank (AO control rod) speed
(fraction of core length/s)
Zr2
Total reactivity of the 2nd control rod bank Gr2
Macroscopic fission cross section (1/cm) Sf
Heat transfer coefficient between fuel & coolant
(mw/c)
U
Mass flow rate  heat capacity of the water (MW/C) M
Top of reactor neutron flux (n/c(m2.s) ft
Bottom of reactor neutron flux (n/cm2.s) fb
Fraction of reactor power deposited in the fuel ff
Total thermal capacity of the fuel & structural material
(MW. S/C)
mf
Total heat capacity of the reactor coolant (MW.s/C) mc
Xenon decay constant (1/s) lx
Iodine decay constant (1/s) lI
Xenon yield gx
Iodine yield gI
Microscopic absorption cross section of xenon (cm2) sx
Average reactor fuel temperature, coolant temperature
related to the top & bottom of the reactor, respectively
Tf, Tc
Table 2 e Parameters of the nuclear reactor at the middle
of a fuel cycle at 100% nominal power.
Parameter Value
Thermal power 3,000 MW
Core high 370 cm
Core radius 170 cm
Diffusion constant (D) 0.16 cm
Mean velocity of thermal neutron (y) 2.2  105 cm/s
Microscopic absorption cross section of Xe (sX) 2.36  1018 cm2
Fractional fission yield of Xe (gX) 0.00228
Fractional fission yield of I (gI) 0.0639
Decay constant of Xe (lX) 2.08  105 s1
Decay constant of I (lI) 2.88  105 s1
Microscopic fission cross section (Sf) 0.3358 cm
1
Total delayed neutron fraction (b) 0.0065
b1 0.0002145
b2 0.002249
b3 0.0040365
Effective prompt neutron lifetime (l) 2  105 s
Total reactivity worth of both control rod (G) 0.01
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Fig. 2 e Desired relative power level and real core thermal
relative power.
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Fig. 3 e Normalized axial offset (DI).
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In this section, a brief description of the relevant theory and
control design algorithms used in the development of the PWR
nuclear reactor power controller is given.4.1. SMC
SMC is a variable structure control system. A slidingmode is a
motion on a discontinuity set of a dynamic system and is–0.16 –0.14 –0.12 –0.1 –0.08 –0.060.4
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Fig. 4 e Core DI limitations and real core DI in Pr¡DI
coordinates.
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Fig. 5 e Control rod reactivity at the top of the reactor.
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Fig. 6 e Control rod reactivity at the bottom of the reactor.
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Fig. 8 e Xenon concentration in the lower half of reactor
core.
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Fig. 9 e Normalized axial xenon oscillation index. AXOI,
normalized axial xenon oscillations index.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 3 8e8 4 8842characterized by a feedback control law and a decision rule
known as switching function. For the class of systems which
can be applied, sliding mode controller design provides a
systematic approach to the problem of maintaining stability
and consistent performance in the face of modeling
imprecision.
Consider a general nonlinear system:
	
_xðtÞ ¼ fðxÞ þ gðxÞu
y ¼ hðxÞ (15)
where f, g, and h are sufficiently smooth functions.0 1 2 3 4 5 6 7 8 9 10
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Fig. 7 e Xenon concentration in the upper half of reactor
core.Let e(t) ¼ yyd be the tracking error. In addition, a stable
switching surface s(t) in the state-space R(r) can be defined by
the scalar equations (t)¼0, where:
sðtÞ ¼

d
dt
þm
r1
eðtÞ (16)
where r is a relative degree andm is a strictly positive constant
which defines the bandwidth of the error dynamics.0 1 2 3 4 5 6 7 8 9 10
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Fig. 10 e Desired relative power level and real core thermal
relative power.
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Fig. 11 e Normalized axial offset (DI).
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Fig. 12 e Core DI limitations and real core DI in Pr¡DI
coordinates.
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Fig. 14 e Control rod reactivity at the bottom of the reactor.
Fig. 15 e Xenon concentration in the upper half of reactor
core.
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(15) is the integer for which the following equations hold [14]:
(
LgL
k
f hðxÞ ¼ 0; k< r 1
LgL
r1
f hðxÞs0
(17)
where LphðxÞ ¼ vhðxÞvx :p for p ¼ f, g is the Lie derivative of the
function h(x) [14].
Considering Eq. (16), the tracking problem amounts to
remaining on the switching surface for the rest of time. The
SMCdesign is then choosing the control input in such away as
to satisfy the following attractive equation:0 1 2 3 4 5 6 7 8 9 10
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Fig. 13 e Control rod reactivity at the top of the reactor.1
2
d
dt
sTs  hjsj (18)
where h is a strictly positive constant which determines the
desired reaching time to the sliding surface. The attractive Eq.
(18) is also called a sliding condition, which implies that the
distance to the sliding surface decreases along all system
trajectories. Furthermore, the sliding condition makes the
sliding surface an invariant set, that is, once a system trajec-
tory reaches the surface, it remains on it for the rest of the
time. In addition, for any initial condition, the sliding surface
is reached within a finite time.0 1 2 3 4 5 6 7 8 9 10
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Fig. 16 e Xenon concentration in the lower half of reactor
core.
0 1 2 3 4 5 6 7 8 9 10
–0.1
–0.098
–0.096
–0.094
–0.092
–0.09
Time (hr)
A
X
O
I
Fig. 17 e Normalized axial xenon oscillation index. AXOI,
normalized axial xenon oscillations index.
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Fig. 18 e Desired relative power level and real core thermal
relative power.
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Fig. 20 e Core DI limitations and real core DI in Pr¡DI
coordinates.
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Fig. 21 e Control rod reactivity at the top of the reactor.
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rule needs to be discontinuous along the switching surface.
Since switching is not spontaneous and the S value is not
exact, the variable structure control application is not
completed and chattering occurs in the vicinity of the
sliding surface. It is possible to excite the dynamic high
frequencies. Therefore, it should be reduced and deleted so
as to be able to apply the variable structure controller
well [14].
Here, in order to reduce chattering, the boundary layer
around the sliding surface strategy will be used [15].0 1 2 3 4 5 6 7 8 9 10
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Fig. 19 e Normalized axial offset (DI).In SMC tanh(s) will be used instead of sign(s) as follows:
_s ¼ h tanh

s
4

(19)
where 4 is the width of the boundary layer.5. SMC design to control the PWR power
According to two-point kinetics equations and considering the
two control rods speeds, Zr1 and Zr2, as the control inputs, the
relative degree of the reactor system is two and therefore, at0 1 2 3 4 5 6 7 8 9 10
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Fig. 22 e Control rod reactivity at the bottom of the reactor.
Fig. 23 e Xenon concentration in the upper half of reactor
core.
Fig. 24 e Xenon concentration in the lower half of reactor
core.
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Fig. 26 e Desired relative power level and real core thermal
relative power with uncertainties and disturbance.
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Fig. 27 e Normalized axial offset (DI).
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able two sliding surfaces are represented as follows:
	
s1 ¼ me1ðtÞ þ _e1ðtÞ
s2 ¼ me2ðtÞ þ _e2ðtÞ (20)
where e1(t) and e2(t) are tracking errors of the desired relative
power and normal AO respectively:
	
e1ðtÞ ¼ nr  nrd
e2ðtÞ ¼ DI DId (21)0 1 2 3 4 5 6 7 8 9 10
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Fig. 25 e Normalized axial xenon oscillation index. AXOI,
normalized axial xenon oscillations index.The sliding surface is reached in a finite time tr ¼ jsð0Þjh and
the trajectory of the system stays on the manifold thereafter,
where s(0) is an initial value of a sliding surface and h>0. Now,
using the sliding surface and estimated values from an
observer, control input is chosen to satisfy the attractive Eq.
(18) using Eq. (19).6. Stability analysis of the designed SMC
system
In this section, stability of the designed SMC system is
analyzed using the Lyapunov synthesis. Consider the
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Fig. 28 e Core DI limitations and real core DI in Pr¡DI
coordinates.
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Fig. 29 e Control rod reactivity at the top of the reactor.
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Fig. 30 e Control rod reactivity at the bottom of the reactor.
Fig. 32 e Xenon concentration in the lower half of reactor
core.
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Fig. 33 e Normalized axial xenon oscillation index. AXOI,
normalized axial xenon oscillations index.
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2

s21ðtÞ þ s22ðtÞ

(22)
where s1(t) and s2(t) are the desirable sliding surfaces [Eq. (20)].
Using control laws, derivative of the Lyapunov-like function
[Eq. (20)] is identified as follows:
_V ¼ h1s1 tanh

s1
41

 h2s2 tanh

s2
42

 0 (23)
Eq. (23) implies that the Lyapunov function (22) is bounded
and hence s is bounded. However, the convergence of s1,2 to
zero cannot be established.Fig. 31 e Xenon concentration in the upper half of reactor
core.To show the convergence of s1,2, we can use Barbalat's
lemma [16]. Towards this end, consider:
€V ¼ h21 tanh

s1
41


tanh

s1
41

þ s1
41

1þ tanh2

s1
41

þ h22 tanh

s2
42


tanh

s2
42

þ s2
42

1þ tanh2

s2
42

(24)
It can be seen that €V is bounded since s1 and s2 and
tanh

s1
41

and tanh

s2
42

are bounded. Since V is bounded, _V is0 2 4 6 8 100.5
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Fig. 34 e Comparison of the proposed controller and
conventional PID controller. PID, Proportional Integral
Derivator.
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Fig. 35 e Normalized axial offset (DI) of reactor by
conventional PID controller. PID, Proportional Integral
Derivator.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 3 8e8 4 8 847bounded, and €V is also bounded, we can infer from the Bar-
balat's lemma that _V/0 as t/∞ and hence s1, 2/0.
Based on the applicable inputs in nuclear power plants, a
designed SMC system is applied to the reactor and results are
indicated in the next section.7. Simulation results
It was assumed that initially the controlled plant was at an
equilibrium condition. wnrt, wcrt, wIt, wXt, wnrb, wcrb, wIb, and
wXb are bounded uncertainties and bounded disturbance
and, respectively, are given by jwnrtj < 0.000486,
jwcrtj < 0.00433, jwItj < 0.00003, jwXtj < 0.0000233,
jwnrbj < 0.000486, jwcrbj < 0.00233, jwIbj < 0.00003, and
jwXbj < 0.0000233.
In this section, to evaluate the performance and robustness
of the proposed control structure, a set of simulations per-
formed on the reactor model described in Section 2 are re-
ported. Three different transients have been used to evaluate
the performance of the controller. In all of these cases, the
objective is to follow the reference power in the reactor.
Figs. 2e9 show the performance of the SMC system for
100%/ 50%/ 100% demand power level changes with the
rate of 25%/hr. The desired power is reached quickly, with no
overshoot or oscillation.
The allowable core DI is limited to 15 ± 5%, where 15%
corresponds to the AO at the nominal power.
Fig. 3 shows core DI limitations and real core DI at each
time step and Fig. 4 shows them in coordinate. These fig-
ures show that DI is bounded within acceptable limits
during the load following operation. Control rod reactivity
at the top and bottom of the reactor is shown in Figs. 5 and
6. The xenon concentration in the upper half and lower
half of the core is shown in Figs. 7 and 8, respectively. As
shown in these figures, the xenon concentrations in the
upper half and lower half of the core are kept bounded
during load following. The normalized axial xenon oscilla-
tion index is shown in Fig. 9. This figure shows that the
proposed control scheme maintains axial xenon oscillation
as bounded.Figs. 10e17 show the performance of the proposed
controller for the second pattern of load following which de-
mands relative power that is 40%/ 50%/ 30%. In this case, as
in the previous one, the reactor power follows the desired
power level well, as shown in Fig. 10. Also, DI is bounded
within acceptable limits as shown in Figs. 11 and 12
shows Pr  jDI. Control rod reactivity at the top and bottom
of the reactor is shown in Figs. 13 and 14. Xenon concentration
behavior in the core (upper half and lower half) and axial
xenon oscillation are shown in Figs. 15e17, respectively. As
shown in Fig. 17, the axial xenon oscillation is kept bounded
during load following.
Figs. 18e25 show the performance of the proposed
controller for the third pattern of load following which de-
mands that relative power is 100%/ 20%with a rate change of
160%/hr. In this case, as in the previous ones, the reactor
power follows the desired power levelwell, as shown in Fig. 18.
Figs. 26e33 illustrate the SMC system behavior under the
parameter uncertainties and external disturbance. All system
parameters are perturbed by ±20% from their nominal values.
The results show that robustness and stability have indeed
been achieved. Also, it is observed that load following and
axial xenon oscillation limits are satisfactory in the presence
of the parameters uncertainties and disturbance.
To confirm the superiority of the designed sliding
controller, a comparison of the SMC and the conventional
Proportional Integral Derivator (PID) controller with optimal
gains was performed. In comparing with SMC, a conven-
tional PID controller with optimal gains in the presence of
uncertainties and disturbance is depicted in Fig. 34 for
100%/ 60%/ 100% demand power level change with the
rate of 20%/h. The allowable core DI, limited to 10 ± 5%,
where 10% corresponds to the AO at the nominal power.
Considering Fig. 26, a faster response and better tracking of
the desired power can be observed for the SMC. Fig. 35 shows
the normalized axial offset (DI) of the reactor accrued by a
conventional PID controller, which considering Fig. 27, has a
lower performance compared to SMC.8. Conclusion
In this paper, an SMC has been presented for core power
control of the PWR to improve the load following capability.
Also, xenon oscillations were bounded within acceptable
limits. The xenon oscillations have been considered to be the
main constraint for the load following control problem.
Stability of the designed SMC system has been analyzed
using the Lyapunov synthesis, thus the control system was
guaranteed to be stable within a large range. Simulation re-
sults indicate the high performance of this new control
design, and also show that xenon oscillations and normal-
ized AO are bounded within acceptable limits, in the pres-
ence of bounded uncertainties and bounded disturbances.
This approach provides a high performance controller for the
system while the simplicity of the controller structure and
design procedure, as well as the satisfactory tracking per-
formance and robust stability, are remarkable compared to
previous designs.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 3 8e8 4 8848The comparison between SMC and the conventional PID
controller showed a significant improvement in the desired
core power tracking, and an increased ability in disturbance
rejection for the SMC. Furthermore, the proposed control
strategy exhibits good robustness behavior.Conflicts of interest
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